. Comparison of the organization of cutF/nlpE and adjacent genes in S. Typhi, S. Paratyphi A and E. coli, and the schematic illustration of the construction of the cutF::lacZ-aph cassette used for homologous recombination in S. Typhi.
A. S. Typhi cutF (grey) and its adjacent genes are flanked by two tnpA, transposase for IS200 element (black), which is not observed in S. Paratyphi A or E. coli. In E. coli, yaeF, which encodes for a lipoprotein is found downstream of nlpE but is not present in the Salmonella genomes. A chitinase gene (STY0257 or SPA0240) located upstream of ldcC in the Salmonella genomes is not found in E. coli. NCBI Reference Sequences used were from NC_003198.1 (S. Typhi strain CT18), NC_006511.1 (S. Paratyphi A strain ATCC 9150), and NC_000913.2 (E. coli strain K12). B. A 1.6-kb SacI-HindIII fragment containing S. Typhi cutF was cloned into plasmid pLKL201, giving rise to pLKL301. A promoterless lacZ sequence amplified by PCR from pUC4K was then inserted into the unique KpnI site in the center of cutF in pLKL301, giving rise to pLKL302. An aph (aminoglycoside 3 -phosphotransferase) gene cassette was excised from pUC4K (Pharmacia Biotech) and inserted into the SalI site at the 3 -end of the lacZ gene, giving rise to pLKL303 for antibiotic selection of the insertion mutants. All the above constructions were done in E. coli JM109. C. Gel electrophoresis of PCR products indicating insertion of cutF::lacZ-aph. A 0.8-kb (lane 1) and 5.2-kb (lane 2) amplicon was obtained when genomic DNA from wild-type S. Typhi and the cutF::lacZ insertion mutant were used as PCR templates respectively. The difference in size of 4.4 kb between the two amplicons is due to the presence of a lacZ-aph cassette (4.4 kb) in the insertion mutant. M, λHindIII DNA markers. D. Southern blotting for genomic DNA from wild-type S. Typhi and a cutF::lacZ insertion mutant by using a DIG-labeled DNA probe ST1 which is specific for the cutF. Genomic DNA from wild-type S. Typhi (lanes 1, 2 and 3) and also the cutF::lacZ insertion mutant (lanes 4, 5 and 6) were digested with EcoRI, SmaI, and HindIII+BamHI respectively. Autoradiograph from Southern blotting of the gel above by using a DIGlabeled DNA probe which is specific for the S. Typhi cutF (right). The different profiles obtained between wild-type S. Typhi and the cutF::lacZ insertion mutant indicates successful recombination. M, λHindIII DNA marker.
Sequence: NC_003198.1), which differs from the corresponding chromosomal region of E. coli K-12 (NCBI Reference Sequence: NC_000913.2) (Fig. 1A) . In E. coli, a putative lipoprotein gene yaeF is present downstream of nlpE, but this is not seen in S. Typhi. Conversely, a putative secreted chitinase (STY0257, SPA0240) is present upstream of ldcC in S. Typhi and S. Paratyphi A (NCBI Reference Sequence: NC_006511.1) but not in E. coli (Fig. 1A) . In this study, we investigated the transcription of cutF of S. Typhi and found that it can be induced by the addition of high concentrations of transition metals (copper, cobalt and silver). We also found cutF to be upregulated during high osmolarity and metal ion deprivation conditions. These observations suggest that cutF constitutes part of a stress regulon involved in sensing environmental stresses.
To study the regulation of cutF, we used standard molecular biology techniques (Sambrook and Russell, 2006) and first constructed a transcriptional fusion of a promoterless lacZ within the cutF gene on a plasmid and then recombined it into the chromosome at cutF to create an insertion mutant strain, cutF::lacZ (Fig.  1B) . A kanamycin resistance gene was included in the cassette as the selection marker. The disruption, which presumably created a null allele of cutF, was confirmed by PCR analysis and Southern blot ( Fig. 1C and D) .
Initially, by performing a disc diffusion assay as described previously (Snyder et al., 1995) , we found that the S. Typhi cutF::lacZ strain obtained in this study did not exhibit any difference in sensitivity to CuSO 4 (0.1 and 1.0 M). There was also no difference in the mutant s sensitivity to three common antibiotics (ampicillin, chloramphenicol, and tetracycline), or ionic detergents (sodium dodecyl sulphate and sodium desoxycholate) when compared to the isogenic wildtype strain (results not shown). This agrees with an earlier characterization of the E. coli nlpE null mutant (Snyder et al., 1995) , and showed that membrane integrity or cellular permeability was not affected by the absence of CutF.
If cutF is directly involved in copper efflux, the cutF::lacZ strain will be less resistant to copper ions compared to the wild-type strain as in the case of the inactivation of the Enterococcus hirae copB gene that functions in the efflux of copper that resulted in hypersensitivity of the cells to copper salts (Odermatt et al., 1994) . These findings showed that the S. Typhi cutF disruption did not confer sensitivity to copper as previously reported (Gupta et al., 1995) ; rather, these observations agree with the view of the S. Typhi cutF functioning as a sensor of extracellular stresses (Snyder et al., 1995; Hirano et al., 2007) . In fact, the mutant strain used by Gupta et al. (1995) for identifying the cutF gene from E. coli was a double mutant with mutations in both the cutC and cutF genes, suggesting that increased copper sensitivity observed in the double mutant strain was probably due to its inability to sense and mount a reaction towards the stress from copper toxicity.
To measure the β-galactosidase activity expressed from the lacZ reporter gene in the cutF::lacZ strain, liquid cultures were established as follows. A single colony of the S. Typhi cutF::lacZ mutant was inoculated into 5 ml of LB and incubated at 37 C overnight in a shaker incubator at 200 rpm. A volume of 0.8 ml of the overnight culture was then transferred to 250 ml-volume conical flasks containing 50 ml fresh LB or LB supplemented with the following test agents: (i) CuSO 4 (2 mM; 4 mM); (ii) CoCl 2 (50 µM; 100 µM); (iii) AgNO 3 (2 µM; 4 µM); (iv) NaCl (0.3 M; 0.5 M); (v) 1,10-orthophenanthroline (Sigma-Aldrich) (25 µM; 50 µM). 1,10-Orthophenanthroline is a chelator with high affinity for divalent metal ions. The culture flasks were incubated at 37 C with shaking at 200 rpm. Two samples (1 ml each) were taken at hourly intervals for a period of 12 h. The first samples were used to monitor the growth by determining the absorbance at 595 nm (Ultrospec 2000, Pharmacia Biotech). The second samples were centrifuged at 12,000 rpm for 2 min in a microfuge (Eppendorf), the supernatant discarded, and the cell pellets stored at 20 C for ONPG assay (Miller, 1992) to determine the β-galactosidase activity (in Miller units) of the cells collected. The experiment was done in duplicate on two occasions, and means of the readings recorded were plotted on a graph. Information on the strains, plasmids and oligonucleotide sequences used in this study are available upon request.
By monitoring the β-galactosidase activity expressed from the lacZ reporter gene in the cutF::lacZ strain in serovar Typhi, we found that copper (at 2 4 mM) was able to upregulate the transcription of cutF about 2 3 -fold ( Fig. 2A) . Similarly, cutF was also upregulated when other transitional metals, i.e. cobalt (50 100 µM) and silver (2 4 µM) (Fig. 2B and C) , were added at sub-inhibitory concentrations (Fig. 3) . It is noteworthy that in a microarray transcriptomic analysis of E. coli cells treated with 250 µM of CoCl 2 , nlpE was not one of the cobalt-responsive genes identified (Fantino et al., 2010) . The similar levels of β-galactosidase activity detected for 2 and 4 µM of silver (Fig.  2C) were possibly due to the precipitation of silver salts in the LB medium.
Next, we wanted to see if extracytoplasmic conditions also affect the transcription of cutF and found that, apart from the transitional metal shock, stressful conditions such as high osmolarity (0.3 and 0.5 mM NaCl) and metal ion deficiency (25 and 50 µM of the bivalent ion chelator 1,10-orthophenanthroline) also increased the transcriptional levels of cutF (Fig. 4A  and B) . While the high osmolarity conditions did not significantly affect the growth of the cells, the higher concentration of 1,10-orthophenanthroline in the media inhibited cell growth. Tests have shown that in vivo environmental conditions encountered during infection constitute important signals which induce the expression of virulence genes, suggesting that cutF plays a role during infection. Expression of virulence factors in bacteria are controlled by signals from its surrounding environment (Mekalanos, 1992) . Furthermore, high osmolarity was also found to be an important environmental signal that induced several virulence genes in S. Typhi (Leclerc et al., 1998) , and osmolarity was identified as an environmental signal that activates expression of several virulence genes in Salmonella enterica serovar Typhimurium necessary for cell invasion (Bajaj et al., 1995 (Bajaj et al., , 1996 and also for adhesion and invasion of the epithelium.
While NlpE is a known activator of the Cpx pathway (Snyder et al., 1995) and is commonly used as a Cpxspecific activation signal in studies of the Cpx pathway (Connolly et al., 1997; Danese and Silhavy, 1998; Di- Corresponds to β-galactosidase assay curves shown in Fig. 4 .
Giuseppe and Silhavy, 2003; Langen et al., 2001) , the upregulation of cutF by extracellular stress indicates that cutF may itself be regulated by the Cpx pathway which, in the absence of CutF, is likely to be activated by another outer membrane sensor. Prompted by this, we scrutinized the promoter region of cutF and found the presence of a CpxR box (GCAAAAATCTTCTGTA AA), a conserved tandem repeat of pentanucleotides, identified to be the CpxR-binding site (Yamamoto and Ishihama, 2006) , suggesting that cutF may possibly be regulated by CpxR. In a study on Pseudomonas putida, copper and cadmium caused differential transcript accumulation from genes encoding regulators, transport or binding proteins and proteins associated with stress protection in the logarithmic phase (Miller et al., 2009) . In summary, the overall results showed that expression of S. Typhi cutF (an nlpE homologue) can be induced by various extracytoplasmic stresses such as an increase the extracellular concentrations of metals, high osmolarity and metal ion deficiency. It is possible that cutF is an important gene for S. Typhi, especially during infection of the host, or even during free existence in the external habitat/milieu, where it encounters hostile environments which are not optimal for its growth. These findings raised interesting questions for future studies, such as the potential regulation of cutF by the CpxR system and reactive oxygen species-re-(A) (B) Fig. 4 . Effect of (A) high osmolarity (NaCl) and the (B) bivalent metal chelator 1,10-orthophenanthroline (OP) on the transcription of cutF in S. Typhi.
β-Galactosidase activity for the cutF::lacZ mutant cultured in LB and LB with additional NaCl or OP was assayed by the ONPG test. Data shown as averages (from duplicates on two occasions) of the reporter enzyme activity (in Miller units) detected. Corresponds to β-galactosidase assay curves shown in Fig. 4 .
lated mechanisms induced by metal toxicity.
